Introduction replicative complex switches to a postreplicative form, which presumably would lack the Cdc6 protein. A variety In all eukaryotic cells, the replication and segregation of of studies have indicated that active Cdks containing the chromosomes must be controlled rigorously during B-type cyclins prevent the reestablishment of the preeach cell division cycle. In the case of DNA replication, replicative complex until the end of the subsequent miseveral regulatory processes ensure that chromosomal tosis (Adachi and Laemmli, 1994; Hayles et al., 1994 ; duplication occurs in a faithful manner. In a typical so- Dahmann et al., 1995; Jallepalli and Kelly, 1996) . These matic cell, one or more cyclin-dependent kinases (Cdks) and related observations have led to the concept that trigger the firing of replication origins at the beginning the formation and activation of the prereplicative comof S-phase once the cell has grown to a critical minimum plexes govern the proper utilization of replication origins size and accumulated an adequate supply of the molecin S-phase (reviewed in Wang and Li, 1995 ; ular components necessary for DNA synthesis (reviewed Muzi-Falconi et al., 1996b) . in Coverley and Laskey, 1994; Heichman and Roberts, Extracts from Xenopus eggs have proven to be invalu-1994). Another essential feature of S-phase is that each able for studying the biochemical mechanisms of eukarsegment of chromosomal DNA must be replicated only yotic chromosomal replication (Blow and Laskey, 1986 ; once in each cell cycle. This regulatory process, often Newport, 1987) . In this system, frog chromosomes uncalled the "block-to-rereplication," most likely involves dergo a complete round of semiconservative DNA syna unidirectional switch or licensing factor at replication thesis in approximately one hour. Moreover, this replicaorigins that can be utilized productively only once during tion process occurs in a properly regulated manner: the each replicative cycle (Coverley and Laskey, 1994;  chromosomes undergo only one round of replication Heichman and Roberts, 1994; Chong et al., 1996) . Fiduring each in vitro cell cycle, and the duplicating chronally, it is also critical that DNA replication be completed mosomes can elicit the mobilization of the replication punctually so that partially replicated chromosomes are checkpoint (Blow and Laskey, 1986 ; Dasso and Newnot incorporated into the mitotic spindle prior to cell port, 1990) . In recent years, a number of essential replidivision. Currently, it is thought that during S-phase one cation factors that appear to act at early regulatory steps or more active replication proteins communicate with have been identified and characterized in the Xenopus the cell cycle control machinery to enforce a "replication system. These include replication protein A (RPA), checkpoint" that guards against aberrant cell division Xmcm3 and other members of the Mcm family, and (Hartwell and Weinert, 1989; Kornbluth et al., 1992; Xorc2, a component of the origin recognition complex et al., 1993).
( Adachi and Laemmli, 1994; Carpenter et al., 1996; Chong et al., 1996) . In this report, we have isolated a The regulation of DNA replication and its integration frog homolog of the Cdc6 protein (Xcdc6) and examined how it collaborates with Xorc2, Xmcm3, and RPA in controlling the faithful replication of Xenopus chromosomes in egg extracts. Our findings demonstrate that Xcdc6 fulfills a critical early function in DNA replication. The properties of Xcdc6 indicate that it may play a role in the regulatory system that limits replication to one round per cell cycle.
Results

Isolation of a Xenopus Cdc6 Homolog
To clone a potential Xenopus Cdc6 homolog, we used degenerate polymerase chain reaction (PCR) primers to amplify a segment of its complementary DNA (cDNA). The primers were designed on the basis of sequence homology within conserved regions of the S. cerevisiae Cdc6 and S. pombe Cdc18 proteins. PCR amplification yielded an ‫008ف‬ bp fragment that was used to isolate a full-length Xenopus oocyte cDNA, which encodes a protein with strong homology to the Cdc6/Cdc18 family (GenBank accession no. U66558). The open reading frame, which is preceded by three in-frame termination codons, encodes a 554 amino acid polypeptide (Xcdc6) with a predicted M r of 61,000 Daltons.
Xcdc6 shares significant sequence identity with both the S. cerevisiae Cdc6 (30% identical residues) (Lisziewicz et al., 1988; Zhou et al., 1989) and S. pombe Cdc18 proteins (34%) (Kelly et al., 1993) . Xcdc6, like S. cerevisiae Cdc6 and S. pombe Cdc18, contains a consensus purine nucleotide binding motif (GXXGXGKT, . Moreover, Xcdc6 contains ten Ser-Pro or ThrPro motifs that reside in potential recognition sites for Cdks and other cell cycle regulated kinases. Finally, Xcdc6 contains a putative bipartite nuclear localization signal (KKTSQTLAKEVSRAKSK, residues 17-33). production. In immunoblotting experiments, these anti-(C) Replication of sperm chromatin was determined in mockbodies recognize a single 61 kDa polypeptide in indepleted (lanes 1-6) or Xcdc6-depleted (lanes 7-12) interphase exterphase extracts from Xenopus eggs ( Figure 1A ). Xcdc6 tracts in the presence of either control buffer or purified His6-Xcdc6 (5 ng/l). Demembranated sperm chromatin was added along with is present at equivalent amounts in M-phase extracts, either control buffer (lanes 1-3 and 7-9) or purified His6-Xcdc6 (lanes but in a modified form, as indicated by a reduced electro-4-6 and 10-12) immediately following the immunodepletion procephoretic mobility ( Figure 1A) . In other experiments, we dure. The samples were warmed to 23ЊC, and aliquots were pulse established that the level of Xcdc6 is essentially con- (Hartwell, 1976; Kelly et al., 1993; Nishitani and Nurse, 1995) . The replication of that the block to rereplication during early Xenopus embryogenesis can operate properly in the presence of sperm chromatin in Xenopus egg extracts represents a valuable system for elucidating the mechanisms of high concentrations of Xcdc6. eukaryotic chromosomal replication (Blow and Laskey, 1986; Newport, 1987) . To investigate the role of Xcdc6
Xcdc6 Is Eliminated from Chromatin upon the Initiation of DNA Replication in DNA replication with this system, we removed Xcdc6 by immunodepletion with anti-Xcdc6 antibodies. For this Collectively, the above experiments indicate that the removal of Xcdc6 from Xenopus egg extracts specifipurpose, we treated interphase egg extracts with protein A beads bound to anti-Xcdc6 antibodies or rabbit cally abolishes an early step in chromosomal replication.
To examine the functional properties of Xcdc6 in greater anti-mouse IgG control antibodies. This procedure resulted in the removal of 90%-98% of Xcdc6 from exdetail, we examined its localization at various stages of DNA replication in the Xenopus egg extracts. For this tracts treated with the anti-Xcdc6 antibody (see Figure  1B) . Next, we added sperm chromatin and [␣-32 P]dCTP purpose, we utilized both indirect immunofluorescence and immunoblotting with anti-Xcdc6 antibodies to exto the Xcdc6-depleted and control-depleted extracts and determined the rate and extent of chromosomal amine the association of Xcdc6 with chromatin and other nuclear structures during the replication cycle ( Figure  DNA synthesis. We observed that incorporation of 32 P into chromosomal DNA was severely diminished in the 2). In parallel, we also examined the binding of two other critical replication factors, Xorc2 and Xmcm3, to nuclei Xcdc6-depleted extract relative to the control extract ( Figure 1C , compare lanes 7-9 with lanes 1-3). In the with antibodies against these proteins.
In the first set of experiments, we examined the bindexperiment shown in Figure 1C , DNA replication in the extract lacking Xcdc6 was reduced to only 4% of ing of Xcdc6 to sperm chromatin as a function of time in Xenopus egg extracts. As determined by indirect imthe control value. This inhibition of DNA replication cannot be attributed to a defect in nuclear assembly, which munofluorescence (data not shown) and immunoblotting with anti-Xcdc6 antibodies ( Figure 2C , top panel, is essential for chromosomal replication in Xenopus egg extracts (Blow and Laskey, 1986; Newport, 1987) , since lanes 2 and 3), the binding of Xcdc6 to chromatin was severely diminished in CSF-arrested egg extracts, which nuclear envelope formation proceeded with indistinguishable kinetics in both the Xcdc6-depleted and conare blocked in M phase. Similarly, we observed that there was no binding of the Xorc2 protein to chromatin trol extracts (data not shown). Finally, to characterize the replication defect in the Xcdc6-depleted extracts in CSF extracts, as indicated by indirect immunofluorescence (data not shown) and immunoblotting with antifurther, we examined whether these extracts could carry out replication of single-stranded M13 DNA, a process Xorc2 antibodies ( Figure 2C , middle panel, lanes 2 and 3). Furthermore, neither Xorc2 nor Xcdc6 could be found that does not require replication origins (Mé chali and Harland, 1982; Carpenter et al., 1996) . The Xcdc6-on chromatin from nuclei that had undergone disassembly at the first mitosis after activation of the egg extracts depleted extracts were found to replicate M13 DNA efficiently (80% relative to control extracts; Figure 1D ), indi-( Figure 2B , bottom panels; Figure 2C , top and middle panels, lane 9). Thus, in the Xenopus system, neither cating that Xcdc6 is not required for elongation on a single-stranded DNA template.
Xorc2 nor Xcdc6 can associate with chromatin at M phase. The situation is different in S. cerevisiae, where An important issue is whether the replication defect in the Xcdc6-depleted extract can be restored by the the origin recognition complex (presumably containing the Orc2 protein) binds to the DNA throughout the cell addition of recombinant Cdc6 protein ( Figure 1C ). Indeed, when we added back recombinant His6-Xcdc6 at cycle (Bell, 1995; . After adding Ca 2ϩ to the egg extracts in order to drive the physiological concentration of 80 nM, we observed that DNA replication in an extract that had been treated them into interphase, we observed that over a 30 min period Xcdc6 gradually associated with chromatin, as with anti-Xcdc6 antibodies could be restored to ‫%58ف‬ of the control level ( Figure 1C , lanes 10-12). This finding indicated by both indirect immunofluorescence and immunoblotting with anti-Xcdc6 antibodies ( Figure 2A ; Figindicates that removal of Xcdc6 from the extracts does not inactivate the replicative capacity of the extracts ure 2C, top panel). During this time, nuclear envelope assembly occurs around the chromatin and DNA replicairreversibly. Moreover, this observation indicates that Xcdc6, in contrast to Xorc2 (Carpenter et al., 1996) , tion begins to initiate within the assembled nuclei. Throughout this period, immunofluorescence staining is not associated quantitatively with another essential replication protein(s) in egg extracts. Another notable of Xcdc6 on the chromatin was relatively uniform, showing no indication of the punctate staining pattern that feature of these experiments is that the addition of recombinant His6-Xcdc6 protein to a control extract did has been observed with antibodies against the singlestranded DNA binding replication protein A (RPA) (Adanot stimulate replication above normal levels (96% of control; Figure 1C , lanes 4-6), indicating that overexchi and Laemmli, 1992). Similarly, immunofluorescence staining with anti-Xorc2 antibodies also revealed a unipression of Xcdc6 in this system does not disrupt the regulatory system which ensures that DNA replication form staining pattern at this time (Carpenter et al., 1996) . (C) Immunoblots were performed on the insoluble pellet fraction from unactivated (CSF, lanes 2 and 3) or interphase (lanes 1 and 4-10) extracts in the absence (lane 1) or presence of demembranated sperm chromatin (lanes 2-10). Samples were incubated at 4ЊC (lane 2) or 23ЊC (lanes 1 and 3-10) for the indicated times and then prepared for immunoblot analysis using anti-Xcdc6 (top panel), anti-Xorc2 (middle panel), or anti-Xmcm3 (bottom panel) antibodies. The sample in lane 10 was treated with the kinase inhibitor DMAP for 30 min. Since the entry into interphase occurs more rapidly in the presence of DMAP, the binding of Xorc2 and Xcdc6 is accelerated relative to the control extract. However, the binding of Xmcm3 is essentially at background levels in the control and DMAP-treated extract. It is important to point out that for interphase nuclei these immunoblots detect proteins bound not only to chromatin but also to the detergent-insoluble matrix that surrounds the chromatin. Cell cycle progression of the extracts was monitored visually by assessing nuclear envelope breakdown (NEB).
Finally, the kinase inhibitor 6-dimethylaminopurine 120 min (Figure 2A ; Figure 3 ). Treatment with cycloheximide arrests the extracts in interphase by preventing (DMAP) did not inhibit the ability of either Xorc2 or Xcdc6 to associate with chromatin ( Figure 2C , top and middle the synthesis of cyclin B, which is essential for mitosis. Aphidicolin, a DNA polymerase inhibitor, blocks replicapanels, lane 10). Previous studies have shown that DMAP blocks DNA replication in Xenopus egg extracts tion initiation, but may not inhibit the initial firing of replication origins. This nuclear envelope staining was also and inhibits the binding of Xmcm3, a proposed component of replication licensing factor, to the DNA (Chong observed with a batch of anti-Xcdc6 antibodies that had been purified from a band in an immunoblot containing et al., 1995; Kubota et al., 1995; . As expected, we observed that Xmcm3 could not bind only the recombinant Xcdc6 protein (not shown). Since these antibodies also recognize only a single 61 kDa above background levels to DMAP-treated nuclei (Figure 2C , bottom panel, lane 10). Thus, in contrast to band in immunoblots, the staining of the nuclear envelope with anti-Xcdc6 antibodies is unlikely to represent Xmcm3, both Xcdc6 and Xorc2 bind chromatin in the presence of DMAP.
cross-reactivity with another nuclear envelope protein.
In strong contrast to Xcdc6, the Xorc2 protein remained Intriguingly, at later times after the activation of the egg extracts (Ն75 min), we observed that the Xcdc6 associated with chromatin in extracts treated with either cycloheximide or aphidicolin, as indicated by indirect immunofluorescence staining in some nuclei no longer coincided with the chromatin. In particular, in these nuimmunofluorescence with anti-Xorc2 antibodies (Figure 2B ). clei anti-Xcdc6 antibodies stained a structure resembling the nuclear envelope. This phenomenon was espeTo characterize the apparent binding of Xcdc6 to the nuclear envelope in greater detail, we performed double cially evident in nuclei from extracts that had been treated with either cycloheximide or aphidicolin for 90-immunofluorescence with anti-Xcdc6 antibodies and proteins in the nuclear pore (Finlay et al., 1987) . These Xcdc6, 98% depletion).
observations indicate that Xcdc6 most probably interacts with some component of the nuclear envelope. Electron microscopic studies will be required to explore during the cell cycle in Xenopus egg extracts. To examthis issue further.
ine the potential interdependence in the binding of these Collectively, these experiments indicate that Xcdc6 proteins to chromatin, we carried out a series of immuassociates with chromatin upon entry into interphase. nodepletion studies. For these experiments, we utilized Thereafter, the Xcdc6 protein is eliminated from the both indirect immunofluorescence and immunoblotting chromatin during the replication process. This eliminato examine the ability of these replication proteins to tion occurs even in the presence of aphidicolin, sugbind to chromatin in either Xorc2-depleted or Xcdc6-gesting that Xcdc6 is required for a very early step in depleted extracts (Figure 4) . In one set of experiments, DNA replication such as origin unwinding.
we treated interphase extracts with protein A beads bound to either anti-Xorc2 or control antibodies. Subsequently, we incubated sperm chromatin in the various Immunodepletion Studies Reveal a Sequential Association of Xorc2, Xcdc6, and Xmcm3 extracts for 25 min, and then performed indirect immunofluorescence on the chromatin with anti-Xorc2, antiwith Chromatin The above findings indicate that Xorc2, Xcdc6, and Xcdc6, or anti-Xmcm3 antibodies. We chose an incubation period of 25 min because all three of these proteins Xmcm3 associate with chromatin in a dynamic manner bind to chromatin at this time. As expected, the Xorc2 protein cannot be detected on chromatin that has been incubated in a Xorc2-depleted extract. Significantly, the Xcdc6 and Xmcm3 proteins show dramatically reduced staining on chromatin lacking Xorc2 ( Figure 4A , middle column), suggesting that these proteins cannot associate efficiently with chromatin in the absence of Xorc2 and the other presumed components of the Xenopus origin recognition complex. This observation cannot be attributed to the removal of Xcdc6 and Xmcm3 with the anti-Xorc2 antibodies, since immunoblot analysis showed that >90% of both the Xcdc6 and Xmcm3 proteins remained in the extract following immunodepletion of Xorc2 (data not shown).
Next, we performed an analogous set of experiments with Xcdc6-depleted extracts. As would be expected, the staining of chromatin in Xcdc6-depleted extracts with anti-Xcdc6 antibodies is severely diminished. Significantly, the binding of Xorc2 to chromatin in the ab- In a complementary set of experiments, we also used immunoblot analysis of detergent-solubilized nuclei to assess the binding of Xorc2, Xcdc6, and Xmcm3 to chromatin in Xorc2-depleted and Xcdc6-depleted extracts the earliest resolvable step of chromosomal replication ( Figure 4B ). For this analysis, we examined the kinetics in this system. Based upon the results described here with which these proteins bound to chromatin in the and elsewhere (Carpenter et al., 1996) , it seems likely various extracts, and then directly compared the time that both Xorc2 and Xcdc6 would act upstream of RPA of maximal binding in the control extract with the equivain the process of replication, since RPA is required for lent time point in the depleted extract. The results of the unwinding of the replication origin. these experiments were consistent with those obtained In order to examine the relationship between Xorc2, in the immunofluorescence studies. In particular, in the Xcdc6, and RPA in the replication process, we perabsence of Xcdc6, Xorc2 can bind efficiently to chromaformed a series of immunodepletion experiments. In tin (96% of control, Figure 4B ). In contrast, Xcdc6 cannot particular, we depleted either Xorc2 or Xcdc6 from the associate with chromatin in the absence of Xorc2 (4% interphase egg extracts, and subsequently examined of control, Figure 4B ). Finally, in the absence of either the association of RPA with chromatin by indirect immuXorc2 or Xcdc6, the binding of Xmcm3 to chromatin nofluorescence with anti-RPA antibodies. For these exis markedly reduced (10%-25% of control, Figure 4B) . periments, we utilized membrane-depleted cytosol from Collectively, these experiments suggest the following Xenopus egg extracts (Smythe and Newport, 1991) . In interdependencies of these proteins in their ability to membrane-depleted cytosol, RPA-containing foci can associate with sperm chromatin prior to replication: form normally, but DNA synthesis cannot proceed, since Xcdc6 requires the previous binding of Xorc2, whereas replication requires the presence of a nuclear envelope. Xmcm3 appears to require both Xorc2 and Xcdc6.
Therefore, the RPA foci can be trapped as intermediates with this approach. We treated membrane-depleted cyNeither Xorc2 nor Xcdc6 Is Required for the tosol with protein A beads bound to either anti-Xorc2, Formation of RPA-Containing Foci anti-Xcdc6, or control antibodies. Following removal of In Xenopus egg extracts and mammalian cells, DNA the beads by centrifugation, we added sperm chromatin replication is thought to occur at a discrete number of to the various extracts and then assessed the formation subnuclear structures or foci . These of RPA-containing foci by indirect immunofluorescence foci have been identified either by short pulses with ( Figure 5 ). Strikingly, both the number and staining intenlabeled nucleotides or by staining with anti-RPA antisity of RPA-containing foci on chromatin were unafbodies. For example, in the Xenopus system, indirect fected by the depletion of either Xorc2 or Xcdc6. In immunofluorescence with anti-RPA antibodies has reparallel, we observed that the immunofluorescence vealed that RPA associates with several hundred disstaining of chromatin with either anti-Xorc2 or anticrete foci within individual nuclei at the beginning of Xcdc6 antibodies revealed a uniform rather than a puncinterphase (Adachi and Laemmli, 1992; Jackson et al., tate pattern in control cytosol (data not shown). To-1995; Yan and Newport, 1995) . Until recently, the formation of these RPA-containing foci has been viewed as gether, these experiments indicate that Xorc2 and Xcdc6 are not concentrated in RPA-containing foci. Furthermore, RPA-containing foci can form efficiently in the absence of either Xorc2 or Xcdc6.
Recombinant Xcdc6 Cannot Rescue the Replication Defect of Intact Nuclei That Had Been Assembled Previously in Xcdc6-Depleted Extracts
The above findings indicate that Xcdc6 plays an essential and early role in DNA replication. Furthermore, the Xcdc6 protein is associated with the nuclear envelope in postreplicative nuclei. In order to examine further the role of the nuclear envelope in Xcdc6 function, we asked whether recombinant His6-Xcdc6 protein could rescue the replication defect in Xcdc6-depleted extracts if nuclear envelope assembly around chromatin were allowed to proceed to completion prior to the addition of the His6-Xcdc6 protein.
For this experiment, we first treated interphase extracts with protein A beads bound to either anti-Xcdc6 or control antibodies ( Figure 6 ). As described previously (see Figure 1) , when we added sperm chromatin to these Xcdc6-depleted extracts, it could not undergo DNA replication (5% of control; Figure 6A , compare lanes 1-3 1-12) . To these samrescue the Xcdc6-depleted extracts if it were added 60 ples, either control buffer was added immediately following deplemin after the sperm chromatin, by which time assembly tion procedure (lanes 1-3 and 7-9) or His6-Xcdc6 was added followof the nuclear envelope around the chromatin is coming a 60 min incubation at 23ЊC (lanes 4-6 and 10-12). Aliquots were pulse labeled with [␣- the freshly added sperm chromatin efficiently ( Figure  6A , lanes 13-15; Figure 6B , column e). Collectively, these Xcdc6-depleted extracts can carry out elongation synexperiments indicate that the formation of the nuclear thesis on single-stranded DNA templates. envelope around sperm chromatin prevents exogeWe have also examined the localization of the Xcdc6 nously added Xcdc6 protein from fulfilling its essential protein throughout the cell cycle with anti-Xcdc6 antifunction in DNA replication. This observation suggests bodies. In addition, we have examined the relationship that Xcdc6 and/or another essential replication factor between Xcdc6 and other critical replication proteins that collaborates with Xcdc6 cannot cross the nuclear such as Xorc2 and Xmcm3 in order to assess how these envelope.
factors might collaborate in the replication process. Our studies indicate that Xorc2, Xcdc6, and Xmcm3 are not associated with Xenopus chromatin during M phase.
Discussion
Following inactivation of the Cdc2-cyclin B complex at the end of mitosis, these three proteins bind to chromaIn this study, we have isolated a Xenopus Cdc6 homolog (Xcdc6) and examined its potential role in regulating the tin upon entry into interphase. In time-course experiments, these proteins appear to bind to chromosomal replication of vertebrate chromosomes. By immunodepleting this protein from Xenopus egg extracts, we have DNA with comparable kinetics. However, immunodepletion studies strongly suggest that there is a strict order in demonstrated that Xcdc6 is essential for chromosomal replication in this cell-free system. Xcdc6 appears to which these polypeptides associate with prereplicative chromatin. In particular, we observe that neither Xcdc6 act at an early step in the replication process, since observe that the nuclear envelope stains strongly with anti-Xcdc6 antibodies by indirect immunofluorescence. Further studies will be required to address the issue of whether individual Xcdc6 molecules shuttle from replication origins to the nuclear envelope following the initiation of DNA synthesis (Figure 7) . It should be noted that there is a large excess of the Xcdc6 protein above that required for DNA replication during early embryogenesis. In particular, less than 10% of the Xcdc6 protein is recruited to the chromatin under the conditions of our in vitro replication experiments, in which we have utilized ‫0001ف‬ nuclei for each egg equivalent of cell-free extract. Thus, although the total abundance of Xcdc6 does not vary discernibly during early embryogenesis, it is conceivable that the small fraction of Xcdc6 associated with chromatin would be subject to degradation following the initiation of replication ( Figure  7 ). If this were the case, the Xcdc6 associated with the nuclear envelope in postreplicative nuclei would presumably arise from the cytosolic pool of Xcdc6 that had not associated initially with the chromatin upon nuclear assembly. In any event, the chromatin in postreplicative nuclei shows a strongly reduced binding of Xcdc6. Since the Xcdc6 protein is absolutely required for DNA replication, this chromatin could not undergo a second round of replication until Xcdc6 would bind to the chromatin at the end of the next mitosis. chromatin during S-phase, but apparently at a later time, since aphidicolin inhibits the dissociation of Xmcm3 but not Xcdc6 from chromatin  Madine nor Xmcm3 can bind efficiently to chromatin lacking the et al. , 1995b; Chong et al., 1996) . Upon dissociation, Xorc2 protein and presumably the other components of Xmcm3 can be found throughout the soluble compartthe Xenopus origin recognition complex. Furthermore, ment of the nucleus, apparently in a state in which it Xorc2 can bind to Xcdc6-depleted chromatin, whereas cannot bind to chromatin. This observation can be exthe Xmcm3 protein requires the Xcdc6 protein for bindplained by our finding that chromatin in postreplicative ing. Collectively, these studies appear to indicate that nuclei also lacks the Xcdc6 protein, which is essential for Xorc2, Xcdc6, and Xmcm3 associate with chromatin Xmcm3 to bind to the DNA. Thus, at least two essential sequentially prior to a replication cycle.
replication factors, Xcdc6 and Xmcm3, are absent from Once replication begins in assembled nuclei in Xenopostreplicative chromatin, thereby preventing a second pus egg extracts, the fates of the Xorc2, Xcdc6, and aberrant round of DNA replication in the same cell cycle. Xmcm3 differ significantly. As indicated by indirect An important question is how the firing of replication immunofluorescence, Xorc2 remains associated with origins is triggered at the beginning of S-phase. Insights chromatin throughout interphase (Figure 7) . Conversely, from genetic and DNA footprinting studies in yeast have as described by several laboratories, the Xmcm3 protein led to the following view of a replication cycle (Diffley appears to be dislodged from chromatin as various polyand Cocker, 1992; Dahmann et al., 1995;  Nishitani and merases copy the DNA template, since the polymerase Nurse, 1995; Cocker et al., 1996 ; Jallepalli and Kelly, inhibitor aphidicolin blocks the dissociation of Xmcm3 1996). In budding yeast, ORC is bound to replication (Chong et al., 1995; Kubota et al., 1995; origins throughout the cell cycle (Diffley and Cocker, 1995a) . Finally, as described in detail in this study, the 1992). The Cdc6 protein associates with the origin at behavior of Xcdc6 during a replication cycle is distinct the end of mitosis, when the cyclin B-associated Cdks from both Xorc2 and Xmcm3. Our indirect immunofluoare inactivated (Cocker et al., 1996) . Later, at the beginrescence studies indicate that Xcdc6 is eliminated from ning of S-phase, kinase activities associated with Cdc28 chromatin during or shortly after the initiation of DNA and possibly Cdc7 presumably phosphorylate one or synthesis at replication origins. The most persuasive more proteins at the origin, which leads to the comevidence for this view is that Xcdc6 cannot be found mencement of replication (Coverley and Laskey, 1994 ; associated with chromatin in the presence of aphidi- Heichman and Roberts, 1994) . At some point thereafter, colin. This behavior contrasts dramatically with that of the Cdc6 protein disappears from the origin and underthe Xmcm3 protein and suggests that Xcdc6 disappears goes degradation. During the S and G2 phases, active from the chromatin before replicative polymerases becyclin B-associated kinases prevent any Cdc6 protein gin to copy the DNA that has been unwound near replicafrom binding again to the origin (Dahmann et al., 1995) . tion origins (Figure 7 ).
It will be important to assess this model directly by examining the association of budding yeast Cdc6 and In nuclei that have begun or completed S-phase, we fission yeast Cdc18 with chromatin and other replication of the entire genome Cox and Laskey, 1991; Fang and Newport, 1993) . factors during the cell cycle.
In the Xenopus system, the Xorc2 and Xcdc6 proteins We believe that our studies of Xcdc6 and Xorc2 in Xenopus egg extracts provide a significant perspective show similar, but not identical, properties to those that have been established or predicted for their yeast counon the topology of the replication process in eukaryotic nuclei. In particular, we find that Xcdc6 and Xorc2 are terparts. On the one hand, we have provided direct biochemical evidence that Xcdc6 does associate with chronot concentrated in RPA foci and that RPA foci can form in extracts lacking either the Xcdc6 or Xorc2 protein. matin at the end of mitosis and furthermore disappears from the DNA upon the initiation of replication. However, These observations indicate that the vast majority of potential replication origins are not concentrated in one striking difference is that Xorc2 cannot bind to chromatin at M phase in Xenopus extracts. Presumably, the these focal structures. One explanation could be that only a fraction of these potential origins are utilized other components of the putative Xenopus ORC are also absent from chromatin at M phase, although it is formally during each replication cycle (see DePamphilis, 1993) . According to this scenario, this subset of origins would possible that the Xorc2 subunit could dissociate from the other ORC components at this time. The apparent be localized in or recruited to the RPA foci at the beginning of S phase. An alternative view is that most of the absence of Xenopus ORC from chromatin at M phase suggests that its ability to bind to the origin DNA is initiation events do not occur in the RPA foci. Ultimately, the immunocytochemical visualization of various repliregulated by the cell cycle. This difference may be due to the fact that chromosomes of Xenopus and other cation proteins throughout the replication process will contribute greatly to an understanding of the topology vertebrates undergo more extensive condensation at mitosis than in yeast. At the end of mitosis, when the of DNA replication in eukaryotic nuclei.
In conclusion, we have identified a Xenopus Cdc6 chromatin decondenses and the Cdc2-cyclin B complex undergoes inactivation, both Xorc2 and Xcdc6 can reashomolog that collaborates with the Xorc2 and Xmcm3 proteins in chromosomal replication. Based on the exsociate with chromatin.
Following the association of Xorc2 with Xenopus chroperiments described here, Xcdc6 appears to play a crucial role in regulating the timely and faithful initiation of matin, the Xcdc6 and Xmcm3 proteins bind shortly thereafter. At some point, S-phase promoting factor DNA replication in a cell-free system that recapitulates the duplication of vertebrate chromosomes. Further (SPF) presumably triggers the firing of the replication origins. In the Xenopus system, the Cdk2-cyclin E comstudies of the regulation of Xcdc6, its intracellular localization throughout the cell cycle, and its association with plex is necessary and perhaps sufficient to fulfill the role of SPF (Fang and Newport, 1991; Strausfeld et al., 1994;  other replication factors will be valuable for understanding the mechanisms of how animal cells replicate their Jackson et al., 1995; Yan and Newport, 1995) . The critical targets of Cdk2-cyclin E are not known but Xcdc6 and/ chromosomes properly. or components of the Xenopus ORC are excellent candi-port, 1995). These foci form just after mitosis at the and used to screen a Xenopus oocyte cDNA library (Mueller et al., beginning of interphase. These structures have also 1995) by colony hybridization. A full-length clone was selected for been referred to as prereplication centers, since the further study and subcloned into a modified Bluescript SK Ϫ vector incorporation of biotinylated dUTP into DNA at the be-(Stratagene) containing three additional restriction sites (NdeI, NheI, ginning of replication appears to take place preferenand AatII) that had been inserted in the polylinker at position 655. Nested sets of unidirectional deletions were constructed in both tially in these areas (Adachi and Laemmli, 1992; Yan and directions, using the Erase-a-Base system (Promega Biotech), and . One prevailing model is that strands of sequenced on both strands by standard methods.
DNA are spooled through these static replication centers containing RPA and other replication proteins. It
Plasmid Construction for Production of Histidine-Tagged has been estimated that 300-1000 strands of DNA would
Xcdc6 Protein
have to pass through these centers continuously
To synthesize full-length recombinant Xcdc6 protein, the initiation codon was converted to an NdeI restriction site by PCR. The 5Ј throughout S phase in order to achieve the replication primer, GGTCCATATGCCAAGCACCAGGTCTCGGTCTCAAAG, is and the detergent-insoluble matrix that surrounds the chromatin were resuspended in gel sample buffer and processed for immucomplementary to the beginning of the Xcdc6 open reading frame and contains an additional 10 base pairs which encode an NdeI noblotting. restriction site (underlined). The 3Ј primer was GCTGATCCATCTCAT CCAACACC. PCR reactions (50 l) contained template (50 ng), primMiscellaneous Methods ers (0.5 pmol each), Pfu DNA polymerase (Stratagene), and the buffer Replication of sperm chromatin (1000 nuclei/l) or M13 DNA (6 ng/ supplied by the manufacturer. The reactions were cycled 30 times l) was monitored by agarose gel electrophoresis following pulse as follows: 94ЊC, 1 min; 60ЊC, 3 min; and 72ЊC, 5 min. The product labeling with [␣-32 P]dCTP (Dasso and Newport, 1990) . Protein conof the PCR reaction was used directly for subcloning into TAII (Incentrations were determined using the BioRad protein assay kit. vitrogen). The sequence of the modified Xcdc6 was confirmed. The Immunoblotting was performed as described . full-length Xcdc6 coding region was subcloned into pVL1393N-HIS Quantitation of immunoblots and replication assays was performed in two fragments: a 92 bp NdeI-BglII fragment (5Ј using a PhosphorImager (Molecular Dynamics). end) and a 2.1 kb BglII-EcoRI fragment (3Ј end). The resulting vector, pVL-HIS-Xcdc6, encodes full-length Xcdc6 protein (His6-Xcdc6)
